Two-dimensional (2D) photonic crystals (PCs) of transparent Ti02 gel rods, with a diameter in the range of 0.5 to 2.0 um, arrayed in a triangular lattice with a lattice constant between 1 .0 and 4.0 um, were successful ly fabricated from a titanium tetra-isopropoxide (Ti (O Pr)4) ethylene glycol monomethyl ether (EGMME) solution using resist molds. The resist molds were fabricated on a Si wafer by electron-beam lithography . By casting the solution into the resist molds, we obtained Ti02 gel PCs, which contained polyethylene glycol (55-60 mass%) used as a plasticizer, formed on gel plates with the same composition over an area of 500 um x 500 um. This method enabled the preparation of dense , highly transparent Ti02 gel PCs. Distinct changes in both reflected and transmitted colors were observed in the present gel PCs, demonstrating that they func tion as photonic crystals in the visible region.
. Introduction
Photonic crystals (PCs), dielectric media having optical structures with periodic variations in the refractive index,')') are expected to become indispensable elements in the field of light communication in the near future. Im portant applications of PCs include light separators, light emitters, waveguides, and so on. In recent years, there have been wide-ranging developments in the synthesis and appli cation technologies of PCs, particularly with regard to two dimensional (2D) PCs. In the synthesis technology of PCs, introducing arbitrary defects at desired sites in their struc tures is essential for enabling the utilization of optically localized modes around the defects, which are necessary for providing PCs with high-performance optical functions.3)-5) To date, the lithography technique')-8) used in the semicon ductor industry is the most useful and reliable technique for producing PCs, particularly 2D PCs with desired types of defects. However, this technique is suitable for producing PCs made of materials of simple compositions, such as Si , Si02 or GaAs, but is not suitable for producing PCs of com plex oxide materials because of the difficulty of precisely fabricating sub-micron structures on them. Therefore, it is very important in this field to develop a new and easy method of synthesizing PCs of complex oxide materials at low cost, because there are many complex oxide materials that can provide PCs with desirable optical functions. This is certainly the case for transparent oxide ferroelectrics hav ing a large electrooptic property, such as BaTi03 i which may allow one to expect the realization of tunable PCs. There have been some proposed techniques for producing PCs of complex oxide materials using sol-gel process ing,4)'9),10) but there are two major problems in conventional sol-gel processing; that is, large shrinkage causing cracking of gel materials, and non-uniformity of gel structures result ing in opaque gels. These difficulties are definitely proble matic with respect to producing PCs of high quality.
In relation to the problems mentioned above associated with sol-gel processing, it is well known that the use of shrinkage reduction agents (or plasticizers), such as glycerol" and polyethylene glycol (PEG),12) is effective in preventing the occurrence of cracking in gel materials. To establish an easy method of fabricating PCs made of gel metal oxides, we employed a metal alkoxide sol-gel method in the present study. To fabricate transparent, crack-free Ti02 gel PCs, we used a high concentration of Ti (OiPr) 4 so lution (1.6 mol/1) and resist molds, the lattice of which was formed on Si wafers, and we also used PEG as a plasticizer. We here report a synthesis method for Ti02 gel (or Ti02 PEG) PCs and their basic optical properties.
2.
Experimental procedure Figure 1 shows the experimental procedure used in this study, in which Ti (OiPr) 4 (High Purity Chemicals Labora tory, Osaka; purity> 99M and EGMME (CH30C2H4OH) as a solvent and PEG (average molecular weight M = 400) Figure 2 shows a schema of the procedure for preparation of Ti02 gel PCs. Here, the sol with the highest Ti content among the sols prepared that gave crack-free films was used. Two-dimensional structures formed on resist films, with a thickness of 0.5-2.0 um, on Si wafers were used as molds in this procedure. The resist molds were prepared by electron-beam lithography to have air holes, with a diameter of 0.5-2.0 um, arrayed in a triangular lattice with a lattice constant of 1.0-4.0 um. The resist molds treated with a mold release agent (Daikin Industries, OPTOOL DSX) were immersed in a sol and degassed, as illustrated in Figs. 2(a) and 2(b). The solution filled the molds and covered their surfaces after they were taken out of the solution. Con Fig. 7(a) . In Fig.  7(b Figure 10 shows a typical example of TiO2 gel PCs with various types of defects produced using the present synthe sis method. In this figure, the following are shown: (a) an FE-SEM image of a gel PC having a triangular array of Ti02 rods with a missing line that acts as a defect and (b) that of the mold used for producing the PC. One may expect that a variety of gel PCs with novel optical functions, by in troducing various types of defects and/or adding optically active elements or substances (for example, rare-earth ele ments and dyes), can be synthesized using the present sol-gel method.10) Gel PCs with an excellent flexibility are also expected to have tunable optical properties that can be controlled by application of stresses.
Conclusions
The results obtained in this study are summarized as fol lows.
(1) TiO2 gel PCs with a triangular array of rods were successfully prepared by a sol-gel process using a high con centration of Ti alkoxide solution (1.6 mol/1) and a resist mold. The two-dimensional structures formed in the resist mold were carefully transferred to the gel PCs.
(2) For a TiO2 gel material, clear transmitted colors that changed with the refracting angle of the transmitted ray were observed. This demonstrates that the present gel materials are PCs that function in the visible region.
(3) It has been confirmed that resist molds with various types of defects, such a line defect, can be easily made by electron-beam lithography; this may ensure the possibility of synthesizing gel or ceramic PCs with a variety of optical functions.
